Proteomic approaches are increasingly being used to complement genetic and RNA interference-based studies of gene function in Caenorhabditis elegans. Several strategies to isolate protein complexes from whole worms and individual differentiated cell types have been described. In vivo labelling methods have also been developed to quantitatively assess proteome-wide changes depending on genetic composition or developmental stage. Here, we review proteomic approaches that are becoming part of the essential toolbox for studies of gene function in C. elegans and highlight specific examples where their application has led to important new insights.
Genetic manipulation has been the backbone of Caenorhabditis elegans research since its inception. In contrast, biochemical approaches have lagged behind, most likely due to the strong emphasis on genetics and physiology. However, with the completion of the C. elegans genome and advances in mass spectrometry, proteomic analysis has become a routine tool in C. elegans.
Although several earlier studies identified the composition of polypeptides by microsequencing using Edman degradation [1] [2] [3] , the concomitant development of mass spectrometric methods for protein identification, with the sequencing and annotation of several model system genomes, opened the door for proteomic analysis in C. elegans. Mass spectrometry is currently the method of choice for protein sequencing and polypeptide identification, since high confidence protein identifications can be routinely performed with very low sample amounts [4] . In addition, the high dynamic range of this methodology allows analysis of highly complex mixtures, which allows the description of organellar proteomes as well as proteome-wide comparisons [5] .
Mass spectrometry measures the mass of ions with very high accuracy. A variety of ionization methods (e.g. matrix-assisted laser desorption/ionization or MALDI, electrospray ionization, etc.), mass analyzers (e.g. Time-of-flight, quadrupole, orbitrap, etc.) and detectors are used in proteomic studies [6] . Typical mass analyzers have a limit on the mass to charge ratio of the ions that they can accurately measure, which is much smaller than that of an intact protein. Consequently, the standard approach is to fragment proteins into smaller polypeptides that can be characterized in more detail. For simple proteomes, a purified protein can be identified with high confidence by comparison of the precisely measured molecular weights of the generated peptide fragments to those predicted for each of the openreading frames in the genome. However, a more common approach is to sequence each of the polypeptides using a tandem mass spectrometer in which two mass analyzers are hooked up to each other, with a collision chamber in between [7] . The first mass analyzer is used to select a single peptide of a specific molecular weight from the protease-treated mixture and introduce it into the collision cell where bombardment with an inert gas fragments the peptide backbone at different positions. The second spectrometer measures the masses of the spectrum of fragments generated by this reaction, from which the amino acid sequence of the peptide can be deduced. In addition to collision induced dissociation, (CID) other fragmentation methods, including electron capture dissociation (ECD; [8] ) and electron transfer dissociation (ETD; [9] ), that offer advantages such as the ability to preserve labile post-translational modifications have also been developed and are now being put to more general use as the necessary instrumentation becomes more commonly available.
To analyse complex protein mixtures, two methods of sample preparation have typically been employed. In the first, older approach, protein mixtures were separated by either one or twodimensional gel electrophoresis prior to excision and sequencing of individual polypeptides [10, 11] . Proteins are subjected to in-gel protease digestion to generate small peptides prior to analysis using a high accuracy mass spectrometer [such as a MatrixAssisted Laser Desorption/Ionization-Time Of Flight (MALDI-TOF) machine] and, in comparison with predicted peptide molecular weights in the genome, used to identify the protein. More commonly, peptides from the excised bands are now sequenced using tandem mass spectrometry.
This approach has proven useful to identify the components of partially purified protein complexes. For example, TIM-1, a paralogue of the Drosophila clock protein TIMELESS, was shown to biochemically interact with the C. elegans cohensin complex [12] , which is important for chromosome segregation during both meiosis and mitosis. Similarly, the association between two G-protein regulators and LIN-5 has been characterized using tandem mass spectrometry, and functional analysis showed that all three proteins participate together in mitotic spindle positioning [13] . Initial characterization of the C. elegans kinetochore-microtubule interface utilized MALDI mass spectrometry to identify a biochemical link between KNL-1 and the kinetochore-localized conserved Ndc80 complex [14] . Finally, mass spectrometry of excised gel bands played an essential role in the characterization of the C. elegans RNAi machinery, identifying an interaction between the nuclease Dicer, the dsRNA-binding protein RDE-4, the Argonaute family member RDE-1 and a DexHBox helicase, all required for RNA interference [15] . In addition to using this approach to identify the components of protein complexes, two groups also used this technique to characterize the C. elegans proteome, identifying hundreds of expressed proteins resolved by two-dimensional gel electrophoresis [16, 17] .
The more recent and arguably more powerful approach, referred to as Multi-dimensional Protein Identification Technology (MudPIT), eliminates the necessity of gel electrophoresis to separate proteins prior to protease digestion and mass spectrometry [18] . The ability to directly analyse increasingly complex protein mixtures has relied on both the development of techniques to rapidly sequence a representative collection of the peptides present in the mixture, as well as computational methods to match the identified peptides with their protein of origin [18] . In this approach, a complex protein mixture is directly subjected to proteolytic digestion. The resulting peptides mixture is fractionated using high-performance two-dimensional liquid chromatography followed by tandem mass spectroscopy. The two dimensions of the chromatography column consist of a strong cation exchange (SCX) resin juxtaposed to a reversed phase (RP) resin packed within fused capillaries. A salt gradient is used to elute peptides from the SCX onto the RP resin, where a hydrophobicity gradient progressively deposits peptides into the ion source of a tandem mass spectrometer. Peptide masses and sequences are typically obtained in an automated fashion. Successful use of this technology is highlighted in the proteomic analysis of the C. elegans kinetochore [19] , in which 10 components of this structure were identified and later reconstituted in vitro [20] . MudPIT was also used to identify conserved components of the C. elegans microRNA pathway [21] , as well as the phosphatase-targeting RSA complex, which localizes to centrosomes and regulates mitotic spindle assembly [22] .
PROTEIN COMPLEX ISOLATION: AFFINITY-BASED APPROACHES
A typical goal of proteomic efforts is to identify proteins associated with a specific gene product of interest that may have been identified in a genetic or RNAi screen. The starting material used to isolate proteins and identify associated factors should be considered carefully based on available information. For proteins that are unrestricted in their expression, purification from whole worms is most straightforward. Large numbers of worms can be cultured on egg plates or in liquid media [23, 24] . Mechanical disruption, such as grinding in liquid nitrogen followed by sonication, is used to generate a crude extract that is then clarified by centrifugation. Alternatively, if the target protein is restricted in its localization or expression, specific cell types or developmentally staged animals can be isolated to enrich for a given target. For example, embryos surrounded by a chitinous eggshell can be harvested easily, simply using bleach to dissolve gravid hermaphrodites. The lysate in this case is clear of many proteolytic enzymes that are enriched in the digestive system, which may be detrimental to protein stability. Temperature sensitive mutants that lack a germline, such as glp-4(bn2ts), can also be used in order to enrich for somatically expressed proteins [25] .
There are two major strategies used to isolate a protein of interest from extracts. First, affinity purified antibodies generated against a small region or the entire protein of interest, are used to isolate it and associated proteins. Typically 5-10 mg of an affinity-purified antibody are covalently crosslinked to protein A sepharose and then mixed with the extract. Following washes, bound proteins are eluted using an acidified buffer (100 mM glycine, pH 2.0) or urea (8 M). Polypeptide identification using mass spectrometry can then be performed directly on the eluted mixture or after separation on a gel. However, such single step approaches often identify a large number of non-specific interactors, and different antibodies each exhibit their own non-specific background in addition to common contaminants. In the proteomics analysis of C. elegans kinetochore proteins, antibodies directed against two different components of the structure were used and the immunoprecipitates analysed by MudPIT. Of the 100 proteins identified in the two samples, only 11 were common to both immunoprecipitations and were subsequently validated as bona fide kinetochore components [19] whose direct association was confirmed by reconstitution studies [20] . A recommended strategy based on this example that helps discriminate between meaningful interactors and background is the use of two different antibodies to the same target or two subunits of a protein complex. Proteins identified in both immunoprecipitations are highly likely to be bona fide interactors. This strategy typically helps identify candidate interactors amidst a high level of background to pursue further in functional studies.
A second strategy utilizes genetically encoded tagged fusion proteins for affinity purification. Stable expression of a tagged fusion is necessary in this approach. Using biolistic bombardment, low copy expression of a target gene fused to one of many types of tags has been performed in C. elegans [26] . Antibodies/binding proteins directed against the tag can then be used for purification. By performing a parallel purification with control worms that do not express the tag, much of the background can be quickly eliminated by simply comparing the peptides identified. This approach however suffers from several drawbacks. First, fusion of a tag to a target may render it inactive or unable to interact with binding partners. Consequently, whenever possible, it is important to test if the fusion protein will rescue the loss of the endogenous protein. The large number of mutants and knockouts available in C. elegans make this feasible. In one example, a green fluorescent protein (GFP) fusion of the RNA binding protein RDE-4 was established to be functional by its rescue of rde-4(ne299) mutant animals [15] . Proteomic analysis of this fusion revealed its association with multiple components of the RNAi machinery summarized above. In the absence of a mutant, however, functional assessment of a fusion protein is also feasible. For example, depletion of the endogenous gene product using a dsRNA directed against the 3 0 UTR may be used if the 3 0 UTR in the fusion construct differs. This strategy was used to establish that a GFP fusion to the RNA-binding protein CAR-1 is functional. Purification of the GFP-CAR-1 fusion protein identified two binding partners, including the DEAD box helicase CGH-1 [27] . Additionally, recoding the nucleotide sequence of a fusion protein, to make it RNAi-resistant, and test for rescue following depletion of the endogenous protein is also feasible [28] .
A major innovation in proteomic analysis has been the use of tandem affinity purification tags [29] . In this technique, two genetically encoded purification tags are fused to the target protein, separated by a specific protease cleavage site. The target protein complex is initially isolated using the first tag, and is then released by protease cleavage. Recapture based on the second tag further enriches the protein complex, while eliminating most non-specific interactions. Various tag combinations have been developed. In C. elegans, one tag combination uses GFP as the first tag, followed by a tabacco etch virus (TEV) protease cleavage site and S-peptide (which binds to S-protein). This localization and purification (LAP; [30] ) tag has the advantage that a single strain can be used for dynamic imaging studies as well as proteomic analysis. The LAP tag has been successfully used to purify stable protein complexes from C. elegans with very low background. In the case of the kinetochore, the tandem affinity purification removed nearly all of the background contaminants present in the single-step antibody-based purifications, identifying primarily the bona fide kinetochore proteins [19] . Recently, a new component of the endosomal sorting complex ESCRT-I was identified following its tandem affinity purification from C. elegans embryos [31] . In a modification of the classical tandem affinity purification (TAP) approach, binding partners for the multisubunit nicotinic acetylcholine receptor were purified using a 'split' TAP tag [32] . One receptor subunit was fused to a single epitope followed by a TEV cleavage site, and another subunit was fused to the second affinity tag. Through tandem affinity purification in this case, proteins that bound only to assembled receptors were identified.
Affinity purification of proteins based on their post-translational modification is also possible. For example, lectin affinity chromatography has been used to isolate N-linked glycoproteins for large-scale analysis [33] . The type of glycopeptides captured depends on the specificity of the lectin used, so multiple purifications based on different types of columns have achieved a comprehensive analysis of N-linked glycoproteins in C. elegans. In a different study, using a series of chromatography steps and MudPIT mass spectrometry, a set of C. elegans proteins modified by chondroitin were recently identified [34] .
In the majority of cases listed above, successful isolation of protein complexes depends, in part, on their abundance. Restriction of a target protein to a limited number of cell types presents an additional difficulty that may preclude complex identification. Similarly, recovery of integral membrane proteins is often poor due to the conditions necessary for solubilization. Such considerations should be taken into account prior to large-scale purification efforts.
PROTEOMIC ANALYSIS OF DIFFERENTIATED CELL TYPES
A major advantage in using C. elegans for proteomic analysis is the availability of a wide range of mutant strains that allow enrichment of specific cell types. For example, comprehensive analysis of proteins associated with germ cell DNA was performed using mutant animals [35] . For oocyte isolation, fer-1(hc1) animals that exhibit a temperature sensitive defect in sperm function, were used. When shifted to the non-permissive temperature, these animals continue to produce oocytes that mature normally, but fail to fertilize [36, 37] . Likewise, him-8(e1489) animals produce a high incidence of males, allowing for effective isolation of sperm [38] . Importantly, methods to purify both oocytes and sperm have been previously described [39] . Using these mutants, chromatin associated proteins from both oocytes (812 proteins) and sperm (1.099 proteins) were effectively identified [35] . Among these, functional studies identified a number of conserved fertility factors whose depletion result in male sterility. The proteins function in a diverse set of processes, including DNA compaction and chromosome segregation. Importantly, several mouse knockouts corresponding to the nematode proteins also affect spermatogenesis [35] . Similarly, the initial identification of major sperm protein, necessary for oocyte maturation and sheath contraction during ovulation, was performed using an extract generated from purified sperm and analysed by MALDI mass spectrometry [40] . Unfortunately, beyond the germline, isolation of individual cell types from other tissues remains a challenge.
QUANTITATIVE PROTEOMICS IN C. ELEGANS
Using in vivo metabolic labelling, quantitative comparisons of complex protein mixtures can be performed using mass spectrometry. Since worms feed on Escherichia coli, 15 N labelled bacteria can be used in worm cultures. Methods have been developed that result in the incorporation of 15 N into 98% of peptides [41] . A labelled reference sample is then compared with an experimental unlabelled sample. Changes in the ratios of labelled to unlabelled peptides correspond to quantitative differences in protein levels. This approach was initially used to illustrate changes in protein expression that occur when germline proliferation fails, using a mutant animal (glp-4) that does not generate a germline [41] . More recently, this method was used to elegantly identify insulin signalling targets in C. elegans, using mutant animals that lack components of the insulin signalling pathway [42] .
Chemical labelling techniques, such as isotopecoded affinity tagging (ICAT), offer an alternative approach to quantitative proteomics [43] . This technique shares many similarities to in vivo labelling, except that proteins are labelled with a chemical tag following their isolation. In this methodology, a tag with an affinity group (typically acid-cleavable biotin) and a 9-carbon linker are coupled to the thiol group of cysteines [44, 45] . The control sample is labelled with a light ( 12 C) isotope-containing tag and the experimental sample is labelled with a heavy ( 13 C) isotope-containing tag. The two samples are mixed, and labelled peptides enriched on an avidin affinity column are eluted by cleavage with acid for analysis by mass spectrometry. Enrichment or loss of particular peptides in the experimental sample can then be measured relative to the control by examining peptide ion pairs that differ by 9 Da.
SUMMARY
Although genetic analysis in C. elegans continues to play an important role in characterizing protein function, proteomics is quickly finding its own essential niche. Identification of protein-protein interactions can often lead to a more complete understanding of cellular pathways, and with recent advances in quantitative proteomics, comprehensive analysis of protein expression is now feasible. However, growing demand for mass spectrometry may quickly outpace available resources. Higher throughput, cost effective and accessible technologies will be necessary to meet the growing need for polypeptide identification in routine studies.
